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FRACTURE TOUGHNESS OF STEEL WELDMENTS
FGR ARCTIC STRUCTURES
T. L. Anderson
H. I. McHenry

This report summarizes the progress in the development of fracture
criteria for steel weldments in arctic structures. Tensile, Charpy-impact,
and fracture toughness properties have been measured as a function of tempera-
ture for a 25.4 mm (1 in) thick plate of normalized steel. Fracture toughness
tests were performed on five geometries of single-edge notched bend (SENB)
specimens. Critical values of the J-integral and the crack-tip opening
displacement (CTOD) were computed and plotted versus temperature. The duc-
tile-to-brittle transition temperature increased with increasing specimen
thickness, and crack length. The effect of specimen geometry on fracture
toughness is attributed to changes in crack-tip region constraint with geometry.
Initial attempts to model this behavior have been moderately successful.

Various aspects of the SENB fracture toughness test are being examined.
Preliminary results indicate that the J-integral can be accurately measured
with either Toad-1ine displacement or mouth-opening displacement measurements.
It may therefore be possible to measure both J and CTOD with a single clip
gage. The relationship between J and CTOD has been investigated. The ratio
of J to CTOD is a function of yield strength, displacement and work-hardening
rate. The eta factor, which is a dimensionless constant used to relate the
J-integral to energy absorbed by the specimen, was found to be independent of
crack Tength for SENB specimens with a/W ranging from 0.19 to 0.75.

Key words: arctic structures; crack-tip opening displacement; ductile-to-
brittle transition; elastic-plastic fracture; J-integral; mechanical proper-
ties; structural steels; toughness.

1. INTRODUCTION
The development of oil and gas resources in the Arctic will require the
construction of fixed offshore platforms capable of operating safely at
temperatures of -40°C and possibly lower. The platforms are Tikely to be
welded steel structures because of steel's relatively Tow cost, ease of



fabrication, high strength, and the availability of grades that are highly
fracture resistant at Tow temperatures. The arctic environment is potentially
hazardous from a structural integrity standpoint because steel weldments have
increased susceptibility to brittle fracture at low temperatures. Thus,
material toughness criteria are needed to ensure that steels with adequate
fracture resistance at low temperatures are used to build these platforms.
The objective of the present study is to develop a quantitative basis for
specifying the fracture toughness of steel weldments for arctic structures.

- The present report summarizes the overall program plan and the progress
to date. The technical approach, which is based on elastic-plastic fracture
mechanics, is summarized in the next section. A review of current code
requirements for the fracture toughness of steels used in arctic structures is
given in Section 2. The experimental procedures, the results and discussion,
and the summary and conclusions are given in Sections 4, 5, and 6, respec-
tively. A literature review covering the basic concepts of fracture mechanics
and recent research pertinent to the present study is included as an appendix.

2. TECHNICAL APPROACH

The principles of fracture mechanics [1,2] provide the technical basis
for this investigation. Fracture mechanics is the study of the influence of
loading, crack size, and structural geometry on the fracture resistance of
materials containing cracks. There are two main ideas in fracture mechanics.
First, fracture occurs when the driving force for fracture, a function of
stress and flaw size, exceeds the material's resistance to fracture, referred
to as the fracture toughness. Second, fracture toughness is a geometry-
independent material property; i.e., a simple laboratory specimen and a large
structure both fracture at the same critical value of driving force. Both of
these ideas work quite well for materials that behave in a linear elastic
manner; i.e., fracture occurs prior to extensive plastic deformation. Recent
progress in ductile fracture mechanics suggests that these ideas are also
valid for materials that fracture in a fully ductile manner [3].

Contrary to common assumptions, there 1is not a geometry-independent
fracture criterion for the transition region between linear elastic and
fully-ductite fracture. This transition region, identified as elastic-plastic
in Fig. 1, is the region of interest for steel structures at low temperatures.
The geometry dependence exists because steel undergoes a ductile-to-brittle
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transition as temperature is reduced. In the temperature range of the tran-
sition, different fracture mechanisms may occur depending on the extent of
plastic flow near the crack tip. As plastic flow decreases, the micromode of
fracture changes from ductile tearing to brittle cleavage. Plastic flow can
be decreased by lowering the temperature or increasing the strain rate, both
of which increase the yield strength. Plastic flow can also be limited by
geometrical constraint, i.e., configurations where the surrounding elastic-
material limits plastic flow near the crack tip. Constraint increases with
thickness (the well-known size effect) and, in bending, with crack depth-to-
thickness ratio. _

The fracture behavior of steels at Tow temperature is studied using the
principles of elastic-plastic fracture mechanics (EPFM). Both the driving
force and the resistance to fracture can be expressed in terms of an EPFM
parameter, either the crack tip opening displacement (CTOD) or the J-integral
(J). Fracture occurs when the applied CTOD (or J) exceeds a critical value of
CTOD (or J). The critical value of CTOD, denoted §_, or of J (JC) is the
fracture toughness of the material. Unfortunately, in the temperature range
of the ductile-to-brittle transition, 8. and JC are not geometry independent.
Thus, one of the main ideas of fracture mechanics, the applicability of
laboratory fracture toughness data to practical structures, is not valid.

The approach being used to develop fracture criteria for arctic struc-
tures is based on EPFM. Fracture toughness of a C-Mn steel plate is measured
as a function of geometrical constraint at temperatures throughout the ductile-
to-brittle transition. Constraint is varied by changing the crack-length
specimen-width ratio and the thickness of single edge notch bend (SENB)
specimens. In each test, fracture toughness is measured by the two principal
EPFM parameters, CTOD and J. The effect of constraint on fracture toughness
is modeled in an attempt to predict the temperature shifts in the ductile-te-
brittle transition curve with changes 1in constraint. A suitable method to
account for constraint may eventually be used in conjunction with the Burdekin-
Dawes [4,5] design curve to assess the fitness-for-service of steel weldments.

3. CURRENT FRACTURE TOUGHNESS REQUIREMENTS
In 1979, the United States Geological Survey published the "Requirements
for Verifying the Structural Integrity of 0CS Platforms" [6]. These



requirements include state-of-the-art performance standards which must be met
in designing, fabricating, and installing OCS platforms, including those on
ice or gravel islands in the arctic. The objective of the requirements is to
ensure that offshore 0il and gas platforms and other structures have a high
probability of surviving the environmental and operational conditions to which
they may be exposed.

To ensure satisfactory fracture resistance, the USGS provided the guide-
1ines shown in Table 1 for specifying minimum levels of Charpy V-notch (CVN)
impact toughness for low and intermediate strength steels. THe CVN toughress
guidelines for intermediate strength (310 to 415 MPa yie]d strength) steel
plates is 34 J in the longitudinal orientation. The test temperature for
steels in the most severe applications is 30°C below the service temperature.
Testing at 30°C below the service temperature is not practical in arctic
structures because economical steels with sufficient toughness at -70°C are
simply not available. Thus, the requirements state: "For service temperatures
Tess than -30°C, test temperatures (for CVN testing) should be specially
considered." |

The specification of an energy level and test temperature for CVN testing
varies for different typeé of structures that are subjected to low tempera-
tures during service. In the following subsections, the fracture criteria
specified for pressure vessels and piping, ships, and bridges are reviewed.

3.1 Pressure Vessels and Piping

The toughness requirements for pressure vessels (ASME Section VIII, [71)
and piping (ANSI and B31.3 [8]) are a function of strength level, deoxidation
practice, and heat treatment. Minimum CVN values for carbon and low alloy
steels are specified in terms of average absorbed energy at a specified
temperature as shown in Table 2. The toughness reguirements for higher
strength steels, steels heat treated to enhance strength, and stainless steels
are specified in terms of notch ductility as measured in a CVN test, 0.38 mm
(0.015 inch) Tlateral expansion‘is required. The test temperature for all
grades is the desigh temperature or the minimum temperature at which pressure
will be applied, whichever is lower. A Tower test temperature must be used
when subsize tests are conducted and the subsize width is less than 80% of the
material thickness; e.g., the test temperature for half- and guarter-size CVN
specimens are reduced by 11 and 28°C, respectively.
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For welded pressure vessels, the CVN toughness of the weld metal and the
heat-affected-zone (HAZ) must equal or exceed the toughness values specified
for the base metal at the same (or lower) test temperature. Tests are con-
ducted on the weld procedure qualification test plates and the production test
plates. Weld metal specimens are notched perpendicular to the surface with
one face of the specimen Tocated within 1.5 mm of the surface. The HAZ
specimens are etched before notching and the notch is cut approximately normal
to the surface in such a manner as to include as much HAZ material as possible
in the resulting fracture.

3.2 Ships

The class of ship that have service temperatures that approximate arctic
conditions are the liquified natural gas (LNG) carriers. In these ships,
significant portions of the hull are cooled by the cryogenic cargo to. tempera-
tures ranging from O to -46°C [9]. To avoid brittle fracture, the U.S. Coast
Guard (USCG) [10] and the American Bureau of Shipping (ABS) [11] and compar-
able regulatory authorities around the world have established CUN requirements
on the steels and welds subjected to Tow temperatures. The CVN tests are
conducted at 5.5°C below the minimum service temperature. The specimens are
cut transverse to the rolling direction and to the weld axis with notches
normal to the plate surface. Each plate is tested and welds are tested from
the weld procedure qualification plates and from the production test plates.
Three specimens are tested in each of the following notch locations: base
metal; centered in the weld metal; on the fusion line; and in the HAZ at 1, 3,
and 5 mm from the fusion line. The impact specimen locations are summarized
in Fig. 2. The average CVN value must equal or exceed 27.5 J (20 ft-1b); the
minimum value for one specimen is 18.6 J (13.3 ft-1b).

3.3 Bridges
The toughness requirements for arctic bridges have been established by

the American Association of State Highway Transportation Officials
(AASHTO) [12]. The requirements are applicable to fracture critical members,
which are defined as those tension components of a bridge whose failure would
be expected to result in the collapse of the bridge. The CVN values specified
are summarized in Table 3. For Tow and intermediate strength steels, the test
temperature is 39°C above the minimum service temperature, i.e., a bridge
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design for -51°C service uses steels tested at -12°C. The rationale for the
test temperature being higher than the service temperature is two-fold.
First, the actual loading rate in a bridge is substantially slower than the
loading rate in a CVN test. The test temperature is increased by an amount
equal to the shift in transition temperature as the loading rate is decreased
from the impact rate used in CVN tests to the maximum loading rate expected in
bridges. Second, other factors such as service experience, design and fabri-
cation controls, and the results of fatigue tests on similar welded beams also
contribute to the expectation of safe performance by the bridge.

3.4 Summary Comments

Consideration of existing fracture criteria for steel weldments used at
low temperatures does not provide clear guidance for the establishment of
fracture criteria applicable to fixed platforms in the Arctic. Consider, for
example, the range of test temperatures required. The CVN test temperatures
range from 30°C below the minimum service temperature, Tm’ for OCS platforms
to 39°C above Tm for arctic bridges, with intermediate requirements for ships
and pressure vessels. Clearly, objective criteria are missing.

4. EXPERIMENTAL PROCEDUREQ
4.1 Test Material
The test material is a 25.4 mm thick plate of ABS grade EH36 steel, a

350 MPa (51 ksi) yield strength C-Mn steel. The chemical composition is given

in Table 4. The steel is in the normalized condition and has particularly
uniform properties due to sulfide shape control. Thus, material variability
should not have an undue influence on the test results.

4.2 Tensile Tests
Round tensile specimens (6.35 mm diameter and 31.75 mm gage length) with

the tensile axis parallel to the rolling direction were tested at various
temperatures ranging from -196°C to 25°C. A1l tensile tests were performed in
a screw-driven tensile test machine at a cross-head speed of 0.2 cm/min. The
upper yield point, Tower yield stress, ultimate tensile strength, percent
reduction in area, percent elongation and true stress at fracture were
measured for each test. All testing and measurement procedures conformed to
the guidelines of ASTM E-8, the standard for tension testing of metals.
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The testing machine is equipped with a fixture designed for cryogenic
testing. Various temperatures are attained by an elaborate temperature
control system. The specimen is cooled by reservoirs of Tiquid nitrogen above
and below the specimen. The specimen grips are equipped with electric heaters
which are connected to controllers. The desired temperature is simply dialed
into the controllers. The combination of heating and cooling the specimen
produces a steady-state temperature.

4.3 Charpy V-Notch Impact Tests
The Charpy-impact transition curve has been established for the normal-
jzed steel 1in the temperature range -196 to 25°C. The procedures of ASTM

E-23, the standard for impact testing, were followed in most cases. Devia-
tions from the standard occurred in some tests. These deviations are noted in
the results and discussion section. For each test the absorbed energy,
percent shear and lateral expansion were measured. The latter two quantities
were measured according to the guidelines which appear in ASTM A-370. The
maximum Tateral expansion was measured with a digital micrometer.

The various test temperatures were attained by placing the specimens in a
constant temperature bath (Tiquid nitrogen or a liquid nitrogen - methanol
mixture) for a minimum of ten minutes. Each specimen was then removed from
the bath and tested within five seconds.

4.4 Fracture Toughness Tests

The ductile-to-brittle transition curves have been established as a
function of constraint in single-edge notched bend (SENB) specimens (see
Fig. 3). Notch constraint is varied by varying the crack-length/width ratio
(a/W) and the specimen thickness (B). The specimens are machined with the
notch orientation shown in Fig. 4.

A11 specimens are fatigue-precracked at room temperature according to the
specifications in the British standard for COD testing [13]. The maximum
allowable stress intensity for fatigue loading, Kf(max), is given by:

1/2

Kg(max)= O.630y B (1)




where o is the yield strength (in MPa) and B 1is the specimen thickness
(in mm). The British standard states that the minimum stress intensity,
Kf(min), be at least 10% of Kf(max), so that:

AKf < 0.9 K (max). (2)

o

The test matrix is shown in Table 5. For each notch configuration test
temperatures cover the complete fracture mode transition, i.e., cleavage to
ductile tearing.

A1l tests are performed in displacement control on a 100 kN servohydraulic test
machine. The displacement rate in all tests is 0.80 mm/min. This corresponds to a
Toading rate (in the elastic range) for the square section (W = B) specimens of
approximately 9.3 kN/s for shallow notched (a/W = 0.25) specimens and 375 N/s for the
deep notched (a/W = 0.75) specimens. The experimental setup is shown in Fig. 5. The
mouth-opening displacement and the load-1ine displacement are measured simultaneousi;
during the test by two clip gages. The Toad-Tine displacement is measured by the
comparison bar technique developed by Dawes [14]. The load and the two displacement
are recorded on a two-pen X-Y plotter. The test instrumentation is wired to a mini-
computer through an analog-to-digital converter. The Toad, crosshead displacement,
both clip-gage displacements are recorded by the computer at approximately
0.3 s intervals and stored on a magnetic disk. The computer typically
collects and stores around 500 sets of data in a 3 to 5 minute bend test.

Low temperatures are attained by attaching a box to the lower crosshead and
filling it with either liquid nitrogen or an alcohol and dry ice mixture. Intermedi
temperatures (between -196 and -70°C) can be attained by pouring liquid nitrogen int
the box to a level below the specimen. The specimen is cooled by heat transfer thr¢
the test fixture and by the vapor coming off of the boiling nitrogen below the
specimen. The actual specimen temperature is measured by a thermocouple implanted -
the specimen.

In each test, fracture toughness is measured by the two EPFM parameters, J and
CTOD. Figure 6 shows the notation used for critical values of CTOD. The notation
depénds on the nature of the fracture event, i.e. whether the crack extension is
brittle or ductile, and whether or not unstable cleavage is preceded by stable crac
growth. A similar notation is used for reported critical values of the J-integral.



The crack-tip opening displacement (CTOD) is computed from the following
relationship:

2 r (W-a) Vv
25 EY Y (W-a) +a + 7 (3)
y p

= +.:
8 Tt

where V_ = the plastic component of the mouth-opening displacement
Z = knife edge thickness
rp = rotational factor.

This equation separates CTOD into elastic and plastic components (Ge and Gp,
respectively). The British standard [13] suggests that a value of 0.4 be
assumed for rp in equation (3). However, a more precise value for the rota-
tional factor can be calculated if the plastic components of Toad-line
displacement and mouth-opening displacement (qp and Vp, respectively) are
known [15]:

V W q
R - (¢ U b B CRR ) (4)
p -a g
P
In most cases the J-integral for an SENB specimen is estimated from the
following equation

= S (5)

where U 1is the area under the load/load-line displacement curve. In some
cases other J-estimation procedures are used and the results from the various
procedures are compared. The details of those procedures are given in the
results and discussion.

" The method that is utilized to detect the onset of stable crack growth is
the double displacement method. Both the mouth-opening displacements, V, and
the Toad-line displacements, q, from each test are stored on a magnetic disk.
A program has been written which computes dq/dV and dzq/dvz, and plots them as
a function of V. The critical displacement is inferred from these plots.




5. RESULTS AND DISCUSSION

5.1 Tensile Tests

The tensile properties have been obtained for 10 temperatures ranging
from -196°C to 25°C. These data are shown in Fig. 7 and in Table 6. The data
follow the expected trends with a minimal amount of scatter. Both the yield
strength and the ultimate tensile strength increase markedly with decreasing
temperature. All flow curves exhibited an upper and lTower yield point which
is characteristic of Tow-carbon steels. The yield strength (as plotted in

Fig. 7) was defined as the upper yield point.

5.2 Charpy-Impact Data

The Charpy V-notch impact energy transition curve has been established
and is shown in Fig. 8. The percent shear and lateral expansion were also
measured for each specimen. The Charpy data are summarized in Table 7.
Figure 8 shows that the ductile-to-brittle transition occurs at about -70°C.
Note that the curve is nearly vertical at this temperature. Most specimens
tested at or near this temperature exhibited either fully brittle (low energy)
or fully ductile (high energy) behavior. Only a few specimens exhibited
intermediate behavior. Table 7 shows that the transition from low energy to
high absorbed energy corresponds well with the fracture surface transition (0%
shear to 100% shear) and the transition from small to large lateral expansion.

Because of the high toughness of this material, most of the upper shelf
energy values are invalid according to the ASTM E-23 standard. The full-scale
energy of the charpy test machine used in this experiment is 358 J. According
to the ASTM standard the energy absorbed by an impact specimen should not
exceed 80% of the full-scale energy of the test machine. Therefore, all
energy values above 268 J do not meet the requirements of ASTM E-23.

Figure 8 illustrates an inherent weakness of material toughness require-
ments based on Charpy data. For example, if the service temperature is -40°C
the required toughness based on present OCS platform requirements would be
34 J at -70°C. At this temperature there is a drastic drop in toughness to
well below 34 J while at the service temperature (-40°C) the material is fully
ductile and has a toughness of greater than 250 J.
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5.3 Fracture Toughness

The fracture toughness data which have been collected to date are summar-
ized in Figs. 9-14 and Table 8. The critical values of J and CTOD along with
the critical fracture event for each specimen is shown on these figures.

Three critical fracture events have been observed. JC and SC are defined at
the occurrence of unstable cleavage without prior stable crack growth. Ji and
61 are defined at the onset of stable crack growth. When cleavage is preceded
by stable crack growth Ju and 6u are measured at the point of instability.

Figures 9 and 10 show that the ductile-to-brittle transition curves shift
approximately 30°C as the specimen thickness increases from 13 to 38 mm. The
thickest specimen produces the highest amount of crack-tip-region constraint;
constraint is the restriction of plastic flow by the surrounding elastic
material. Constraint causes a triaxial stress state and raises the flow
stress near the crack tip. This increase in flow stress tends to promote
cleavage fracture (i.e., shift the transition curve to the right) since it is
easier to reach the fracture stress. _

It should be noted that the thickest specimens (B = 38.1 mm) had slightly
deeper cracks than the other two specimen geometries shown in Figs. 9 and 10.
The deeper cracks were necessary in order to prevent the load on the thick
specimens from exceeding the capacity of the test machine. These deeper
cracks, however, probably contributed in part to the shift in the transition
curve to higher temperatures.

The influence of crack length on the ductile-to-brittle transition curve
is shown in Figs. 11 and 12. In SENB specimens constraint increases with
crack length because of the plasticity reversal (tension to compression) that
must occur within the remaining ligament. Therefore the transition tempera-
ture increases with crack length. Since the crack tip in a shallow-notched
specimen is near a free surface, constraint can be further relaxed by plastic
flow to the free surface. The data for the deep-notched geometry (a/W ~0.75)
behave in a somewhat unusual manner. The curve fitted to these data (Figs. 11
and 12) crosses the curve representing the a/W ~0.5 data. At low values of 6C
and JC, where the plastic zone is relatively small, the deep-notched geometry
has more constraint than the a/W ~0.5 geometry. At higher temperatures (and
higher GC and JC values) the plastic zone at fracture is on the order of the
size of the ligament in the deep-notched geometry. The constraint is relaxed
as the plastic zone approaches a free surface.
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Figures 13 and 14 showvvaTues of Gi and Ji’ respectively, for all five
specimen geometries. Both Ji and 61 are apparently independent of geometry
and 61 is approximately independent of temperature. Ji increases slightly
with decreasing temperature because the area under a load-displacement curve
at a constant displacement increases with increasing flow stress. Since the
material used for this study has a high tearing modulus (dJ/da) the point of
incipient crack growth is not well defined, contributing to the scatter seen
in Figs. 13 and 14.

Since increasing strain rate elevates the flow stess, strain rate should
have an effect on the ductile-to-brittle transition. This effect is seen when
the Charpy-ﬁmpact transition curve in Fig. 8 is compared to the curves in
Figs. 9-12. The ductile-to-brittle transition in the Charpy test (high strain
rate) occurs at about -70°C while all curves in Figs. 9-12 for fracture
toughness tests (low strain rate) lie to the left of this temperature. Also,
note that the transition in the Charpy-impact data is much steeper than the
transition in the fracture toughness data.

Figures 9-12 illustrate a problem facing the field of fracture mechanics.
While the fracture behavior of a steel can be adequately described in terms of
KIC on the Tower shelf and JIc and R-curve analysis on the upper shelf, there
is at present no fracture toughness parameter applicable to the ductile-to-
brittle transition region. The fracture toughness of a material at a given
temperature in the transition region is dependent on the geometry of the test
specimen.

5.4 Predicting the Effect of Constraint on the Ductile-to-Brittle Transition
The 1imit load, PL’ or load at net-section yield is related to the yield

stress by the following expression:

2
_ L GY(W-a) B

e (6)

where L is a dimensionless parameter which is a measure of the constraint due
to the notch. For the material used in this investigation: L = 1.38 for B =
12.7 mm, a/W = 0.2 and L = 1.52 for B = 38.1 mm, a/W = 0.29.



The quantity LcY is a measure of the average stress in the ligament at
net-section yield. Thus, the ligament stress at fracture, Loc, can be
computed as follows:

4PC W
Lo, = —S | (7)
B(W-a)

where PC is the load at fracture. The quantity LoC was found to be relatively
insensitive to temperature and specimen geometry. The average value of LoC is
750 MPa for the material used in this study.

A simple model which assumes that LoC is independent of temperature and
geometry can be used to predict the effect of constraint on ductile-to-brittle
transition curves. If L is known for a given geometry, the corresponding
value of O (the ligament stress in the absence of triaxiality) can be
computed. The strain required to reach a stress of 0. in a uniaxial tension
test at a given temperature can be infered from the flow curve at that
temperature. CTOD can be infered from Tigament strain. It is then possible
to plot GC as a function of temperature and L.

The above approach was applied to the three shallow-notched geometries.
The resulting curves are plotted in Fig. 15 along with the experimental data.
Although the shape and position of the predicted curves do not agree with
experiment, the relative temperature shifts between geometries was accurately
modeled by this approach.

5.5 Detecting the Onset of Tearing

During a fracture test the load-line displacement (q) is plotted auto-
graphically against the crack mouth-opening displacement (V). After net-
section yield the q versus V plot yields a nearly straight line. However, as
the crack grows this line gradually decreases in slope because the center of
rotation moves during crack growth. Figure 16 shows a computer plot of the
first and second derivatives of g with respect to V. The first derivative
plot has proved to be the more useful in detecting crack growth. The behavior
at the far left of this plot represents the transition from elastic to plastic
deformation. During plastic deformation the first derivative remains
relatively constant and then increases sharply. This ipcrease is possibly

~13-




associated with crack-tip blunting. At V = 1.48 mm there is a sharp drop in
the first derivative. This is taken as the point of incipient tearing. At
higher displacements the curve has a zig-zag shape. This is believed to be
associated with successive increments of tearing followed by blunting.

5.6 Estimation of J from CMOD
For deep-notched SENB specimens the J-integral is usually estimated from

the following equation:
2U

T
J = ETW?Ey (8)

where UT is the total area under the load versus load-line displacement curve.
The value of J can also be estimated from the load versus mouth-opening
displacement curve using equation

2 2y
_K W
JEgrt B(w?aT(”p(W-a)+a+z) 9

where UY is the plastic component of the area under the P/V curve. FEquation 9
is based on the Sumpter and Turner [16] equation, although they approximated
the area by

‘U; = PV, (10)
where PL is the Timit load.

The J-integral has been calculated for a number of tests using
equations 8 and 9 and the agreement is very good. Figure 17 shows a
comparison of estimates from the two equations. The data represent a single
specimen at various displacements. The difference between the two J estimates
for this particular specimen range from 0.5% to 1.5%.

The value of rp used in equation 9 to generate Fig. 17 was measured from
the same specimen using equation 4. The excellent agreement between
equations 8 and 9 as shown in Fig. 17 is evidence that the simple hinge
mechanism is an adequate model to describe the plastic deformation of an SENB
specimen. Figure 17 also shows that the J-integral can be accurately measured

14~




from the mouth-opening displacement if r_ is known. Thus, it is possible to
measure both J and CTOD from an SENB specimen with a single clip gage.

5.7 Relationships Between J and CTOD
Under conditions of small-scale yielding the relationship between J and
CTOD can be estimated by:

J=moY6 (11)

where m = 1 for plane stress and m = 2 for plane strain [16]. The value of m
for large-scale yielding should 1ie between 1.0 and 2.0.

The plastic term in equation 9 is similar to the equation for the plastic
CTOD:

r (W-a)Vv

p 7 T (12)

From equations 9 and 12 one can obtain a simple equation for the ratio of the
" plastic J to the plastic CTOD

\'}
9,
5, v‘p"B"'r'Js‘(‘w-a)‘2 (13).

The flow stress can be estimated from the limit-load expression

P . AW (PZPL) (1)

(W-a)2 1.5B

“Flow ©
Hence mp can be calculated:
m. = P , (15)

Equations 13 and 15 have been incorporated into a computer program which
plots Jp/cSp and mp as a function of displacement. A typical set of plots is

-15-




shown in Fig. 18. The ratio J /6 increases with displacement due to work
Also m_ is not constant, it decreases with displacement until it
levels off at a value of 1.27. Apparently the relationship between J and CTGD
is more complicated than has been traditionally assumed. This may have
ramifications with respect to the merits of each as a fracture characterizing

parameter.

hardening.

5.8 The Eta Factor
A more general form of equation 8 is:

J =?(%%)_ (16)

2 for deep notched SENB specimens. The above equation can be
divided into elastic and plastic components [16]:

where 0 =

n.U
—@m —(HT £ * BOHaY (17)

The elastic eta factor, ne» can be derived from the elastic compliance
and stress intensity coefficient.
versus notch depth [17].

Since J is defined as the negative of the spatial derivative of work, the
plastic eta factor, Ny and the over-all eta factor, nys c€an be computed as
follows:

The solid Tine in Fig. 19 is a plot of e

n U
_ 0 _=14du
J =gy " B da (18)
hence
W- {]
o = - ( Ua) %E' (19)

A series of SENB specimens with notch depths ranging from a/W = 0.19 to

0.75 were tested at room temperature. The area under the load versus load-
line displacement curve, U, was measured for each specimen at displacements of

1.0, 1.5, and 2.0 mm. These values of U were then plotted versus crack length




and dU/da was measured for various crack lengths by drawing tangents to the U
versus a curves and computing the slopes. The over-all eta factor, Nys Was
then computed as a function of crack length. The results are plotted in
Fig. 19. According to Fig. 19, o is relatively independent of crack length
down to a/W = 0.19. It therefore seems reasonable to use a value of n = 1.8-

2.0 for all J measurements from SENB specimens with a/W > 0.2,

6. SUMMARY AND CONCLUSIONS

The existing material toughness requirements based on Charpy-impact data
are somewhat finadequate. The goal of this program is to develop a fracture
mechanics rationale for specifying material toughness requirements. This
study, to date, has been devoted to an assessment of the base-metal fracture
properties. Fracture toughness tests on weldments are planned for the
immediate future. ’

Tensile, Charpy-impact and fracture toughness tests have been performed
on ABS Grade EH36 steel over a wide range of temperatures (-196 to 25°C). The
Charpy-impact transition curve is nearly vertical at approximately -70°C. The
upper-shelf energy of this material is very high (~330 J). Critical values of
J and CTOD were measured for five geometries of SENB specimens. The
ductile-to-brittle transition curves for the SENB tests are much less steep
than the Charpy data; the transition temperatures for the fracture toughness
tests are all Tower than that for the Charpy data. Specimen geometry has a
drastic effect on fracture toughness in the transition region. Increasing
specimen thickness and/or crack length markedly increases the transition
temperature. Larger specimens produce a greater amount of stress triaxiality
near the crack tip, thus elevating the flow stress Tocally. A higher flow
stress tends to promote cleavage fracture since it is easier to reach the
fracture stress. Since fracture toughness in the transition region is
geometry dependent, one cannot safely predict the fracture behavior of a large
structure from the toughness of a small, Taboratory specimen.

Initial attempts to model the effect of constraint on fracture toughness
have been moderately successful. It is possible to predict the temperature
shifts (due to constraint) in ductile-to-brittle transition curves with the
existing model. Further refinements of the model are needed to accurately
predict the position and shape of transition curves.
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Preliminary data suggest that it is possible to measure both J and CTOD
with a single clip gage which measures the mouth-opening displacement. It was
also found that the ratio between J and CTOD is a function of displacement,
yield strength, and work-hardening rate. Direct experimental measurement of
the eta factor, a dimensionless constant used in J calculations, show that it
is approximately equal to 1.85 for displacements of up to 2.0 mm and a/W
ranging from 0.19 to 0.75.
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APPENDIX
Literature Review
This Titerature review covers the basic concepts of fracture mechanics
and recent research pertinent to the present study.




=
.

o

CONTENTS
LINEAR ELASTIC FRACTURE MECHANICS

The Stress Intensity Factor
Fracture Toughness

Crack Tip Plasticity
Surmary Comments

[
O N =

ELASTIC PLASTIC FRACTURE MECHANICS

The Crack Tip Opening Displacement
J-Integral
Summary Comments

N N N
WO =

MICROMECHANISMS OF FRACTURE
EFFECT OF SPECIMEN SIZE AND CONSTRAINT ON FRACTURE BEHAVIOR

.- REFERENCES

51

64




Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.
Fig.

Fig.

Fig.
Fig.
Fig.

Al.
A2.
A3.
Ad.
A5.
Ab6.

A7.

A8.
A9.

Al0.

All.
Al2.
Al3.

List of Figures
ASTM E-399 compact specimen for fracture toughness testing.
Three-point bend specimen used to obtain CTOD test results.
Notation for critical CTOD values.
Notation for critical J values.
The three basic micromechanisms of fracture.
Schematic representation of possible flow curves for material
near the crack tip, illustrating the effect of flow stress on
the micromechanism of fracture. (a) Cleavage, (b) cleavage
preceded by ductile tearing, and (c) stable crack growth.
Effect of specimen geometry and plastic zone size on fracture
toughness. Specimens must lie to the right of the vertical
Tine to meet ASTM E-399 specifications.
Effect of constraint on ductile-to-brittle transition behavior.
Effect of constraint on the micromechanism of fracture. At the
temperature represented by the vertical 1ine the low constraint
specimen fails by ductile tearing while the high constraint
specimen fails by cleavage.

Effect of specimen thickness on the ductile-to-brittie
transition behavior.

Effect of notch depth on fracture behavior of SENB specimens.
Effect of type of loading on fracture toughness.

Attempt to match the crack-tip region constraint (CTRC) of a
structure with an SENB specimen.

(&)
™I

Page
67
68
69
70
71
12

73

74
75

76

77
78
79



1. LINEAR ELASTIC FRACTURE MECHANICS
The physical basis of fracture mechanics stems from the work of Griffith [1]
who demonstrated that the strain energy released upon crack extension is the
driving force for fracture. The strain energy, U, is the work done by load,
P, causing a displacement, A:

ps _ P’

V=7 =7 (1)

where C = %—= elastic compliance.

The Toss of elastic energy upon crack extension of unit area, A, is
defined as the strain energy release rate, G:

BT @& =@ (2)

Irwin and Kies [2] used this relationship to determine the fractUre resistance
of structural materials, Gc’ by measuring the critical load, Pé, in a specimen
with a known compliance function, dC/dA.

1.1 The Stress Intensity Factor

Irwin [3], who determined the stress distribution near the tip of a crack
located in a linear elastic body, developed a stress analysis basis for
fracture mechanics. The magnitude of the crack tip stress field, 053, Was
found to be proportional to a single parameter, K, the stress intensity
factor:

_ K

(6) = K - f(position) | (3)

where, r and 6 are cylindrical position coordinates; r = 0 at the crack tip
and 6 = 0 in the crack plane. K is a function of the applied stress, o, crack
length, a, and a factor dependent on structural geometry, Y(a):

K= Y(a)ora. (4)

(6]
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Tada, Paris and Irwin [4] and Sih [5] have published handbooks of K formulae
for various geometries and boundary conditions.

Irwin [3] demonstrated that the strain energy release rate and stress
intensity factor are related:

K= = E'G (5)

where, for plane stress, E' = E, the elastic modulus; and for plane strain,
E' = E/(l-vz), where v is Poisson's ratio. Thus, it is equivalent to attri-
buting the driving force for fracture to the crack tip stress field, which is
proportional to K, or to the elastic strain energy release rate, G. The
stress intensity, K, is used more commonly than G because K can be computed
for different structural geometries using stress analysis techniques.

s

1.2 Fracture Toughneés

Fracture occurs when the crack tip stress field reaches a critical
magnitude, i.e., when K reaches Kc’ the fracture toughness of the material.
KC is a mechanical property that is a function of temperature, loading rate
and microstructure, much the same as yield strength is; however, KC is also a
function of the extent of crack tip plasticity relative to the other specimen
(or structural) dimensions. If the plasticity is small compared tc the
specimen dimensions and the crack size, then KC approaches & constant minimum
value defined as KIc’ the plane strain fracture toughness.

Measurements of fracture toughness based on linear elastic theory are
limited to the case of plane strain testing in accordance with ASTM E-399 [6].

KIC 2
B, a, W-a > 2.5 (—) : (6)
Os

where B, a, and W are defined in Fig. Al. The specimens are precracked by
fatigue

cycling to an initial crack length of a/W = 0.5 aﬁd subsequently loaded to fail-
ure. KIC is calculated from the critical load, PQ, the measured crack length,
the specimen dimensions and the specimen calibration function, Y(%&, as follows:

O

|

p
K. =
Q 3

——~
~J
~—

Y(%).

=)



KIC = KQ if all the conditions of ASTM E399 are met, i.e., precracking proce-
dures, load-displacement record, specimen dimensions, etc.

1.3 Crack Tip Plasticity
Applicability of the Tinear elastic analysis has been extended to condi-

tions approaching net section yielding by correcting for the zone of plasti-
city that exists at the crack tip [7]. The idea is that the plastic material
at the crack tip strains without carrying the incremental load; therefore, in
the elastic sense, the crack behaves as if it were slightly longer. The
aajustment 1is made by adding the radius of the plastic zone, ry, to the
apparent crack length: ’

K = Y(a+fy) c/EIF; (8)

) .
) | (9)
where, oy is the yield strength at the crack tip. The fy correction modifies
the crack tip stress field to account for the elastic stress redistribution
due to the Tocalized plasticity.

The extent of crack tip plasticity is influenced by specimen dimensions.
This is particularly true for thickness. As specimen thickness increases, oy
increases from O to V3 Oys due to through-the-thickness elastic constraint [8].
The maximum value of oy is reached when the plastic zone size is limited to
about 5% of the thickness. Thus, in a given material, the plastic zone size
as computed by Eq. (9) can vary with thickness by a factor of three -- leading
to a strong dependence of KC on thickness.

1.4 Summary Comments

The crack tip stress field is the driving force for fracture énd the
magnitude of this stress field is proportional to the stress intensity factor,
K. K is a function of crack size, applied stress and structural geometry and
can be computed using stress analysis methods. The resistance to fracture is
a material property defined as the fracture toughness, KC; fracture occurs
when K = Kc' Thus, for a given structural geometry and material, critical
crack sizes can be determined as a function of applied stress and vice-versa:

[S2]
(8]




KC 2
ac = [37(37] . (10)

The approach is applicable to conditions of localized crack tip plasticity,
i.e., where ¢ f—'8°ys
for crack tip plasticity [9].

or r < 0.3a, when the ry correction is used to account
2. ELASTIC-PLASTIC FRACTURE MECHANICS
Many of the high toughness structural materials used for arctic structures
undergo extensive plastic deformation prior to fracture. Thus, the concepts
of Tinear elastic fracture mechanics must be extended to account for elastic-
plastic behavior. The two approaches of interest in the present investigation
are the crack tip opening displacement (CTOD) and the J integral.

2.1 The Crack Tip Opening Displacement

The CTOD concept is a crack tip strain criterion for fracture stemming
primarily from the work of Wells [10,11]. Wells' hypothesis was that the
opening of the crack faces was strictly related to the crack extension force,
G, and the stress intensity factor, K, under locally plastic conditions.
Wells used an energy balance argument to derive an expression for CTOD [11]:

S
§ = —E?- 0— (11)
y y
where & is the CTOD.

In 1965 Burdekin and Stone [12] illustrated how the CTOD concept could be
used to extend the capability of conventional fracture mechanics to the
elastic-plastic case. A Dugdale strip-yield model [13] was used to develop
the following equation for plane stress Mode I crack-tip displacements under .

monotonic loading.

_oa o
§ = = 1n sec ( ) (12)

y

ESTE]
Q

A fracture toughness test method based on the CTOD concept was developed
by investigations at the Welding Institute [14-16]. The CTOD test specimen
contained a fatigue-precracked notch and was locaded in three-point bending to
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fracture. The critical CTOD was obtained from the load versus clip-gage
displacement record. The clip-gage displacement, Vq, was measured across the
notch mouth as shown in Fig. A2. The Vg was converted to CTOD using the
following relationship [141.

T (ga+z ) =)

r(W-a)

where z = knife edge thickness

a = crack length

W = specimen width

v = rotational factor
This equation was derived assuming that the crack faces opened by a simple
hinge mechanism about a center of rotation. The value of r was assumed to be
0.5 in early work.

The current British standard for CTOD testing [17] specifies that the

CTOD be calculated from the following relationship.

K2 O.4(W-a)vp
§ = 2, O W T 06a ¥ 2 (14)

where the first term is the elastic component of CTOD, 8as and the second term
is the plastic component, § . The plastic component of the clip-gage displace-
ment, Vp, is estimated by constructing a line, parallel to the elastic-loading
Tine, from the critical point on the load-displacement curve to zero load.
The elastic component of the clip gage displacement is then subtracted from
the total displacement. The stress intensity factor for the elastic CTOD
calculation is obtained from the following relationship.

K = 77 (15)

where P is the applied Toad and Y is the stress intensity coefficient. Y is a
function of specimen geometry and can be obtained for a given crack length to
width ratio (a/W) from the test standard [17].
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A more detailed description of the CTOD test method is given "in the body
of this report. The type of critical CTOD repdrted depends on the nature of
the observed fracture event. This is illustrated schematically in Fig. A3 for
a steel which undergoes a ductile-to-brittle transition. At low temperatures
the steel fails by cleavage and Gc is measured experimentally. As the test
temperature increases cleavage becomes less favorable and the fracture tough-
ness increases. Eventually the fracture mode changes to microvoid coalescence
and the crack grows in a stable manner. 61 is defined as the value of CTOD at
the onset of tearing. At temperatures slightly above the fracture mode change,
stable tearing can be followed by unstable cleavage. When this occurs, du is
measured at the instability point. On the upper shelf of toughness, the steel
reaches a point of plastic collapse when the work-hardening cannot keep pace
with the decrease in ligament area caused by stable crack growth. Gm is then
measured at the point of maximum Toad in a bend test. SR is the total CTOD,
i.e. 61 plus the portion of CTOD associated with tearing. A plot of GR VEersus
da, is the resistance (R) curve, , a measure of a material’s resistance to
crack growth. Figure A3 also shows that 61 is not a strong function of

temperature, but it is a function of the inclusion content.

2.2 J-Integral
The J-integral is a characterization developed by Rice [18] of the

elastic-plastic field in the vicinity of the crack tip. The use of the
J-integral as a fracture criterion was suggested and experimentally demon-
strated by Begley and Landes [19]. J is defined as the line integral:

J=s, [wdy - T (%)ds] (16)

where, T is any contour surrounding the crack tip,

w is the strain-energy density,

T is the stress vector normal to T,

U is the displacement vector, and

s is the arc length along T.
The J-integral is path independent for linear and non-linear elastic materials
[18] and nearly so for most structural materials under monotonic loading
conditions [20]. Thus, J can be computed using numerical methods by analyzing
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along a contour away from the crack tip, i.e., in a region where the analysis
methods are quite accurate. This relieves the uncertainties of the crack tip
region -- a problem that seriously limits the usefulness of the CTOD method.

An equivalent interpretation is that J is equal to the change of potential
energy U, upon an increment of crack extension of unit area, A:

J = - <= (17)

For the Tinear elastic case the potential energy equals the strain energy and,
therefore, Eq. (17) is the same as Eq. (2) and J = G. Thus, J appears to be a
Togical extension of Tinear elastic fracture mechanics into the elastic-plastic
range. Due to the irreversibility of plastic deformation, the energy interpre-
tation of the J-integral does not apply to the process of crack extension in
elastic-plastic materials -- as G is for elastic materials. J is simply an
analytically convenient, measurable parameter that is a characteristic of the
elastic-plastic field at the crack tip. The contribution of Begley and
Landes [19] was to demonstrate that crack initiation under elastic-plastic
conditions occurs at a characteristic value of J, called JIc’ that is related
to KIc in the same way G is related to K in Eq. (5). Thus, J integral methods
can be used to determine KIC in specimens significantly smaller than the size
requirements of Eqg. (6).

.Methods of measuring JIc are covered by ASTM standard E-813. A deeply
notched specimen of the compact tension or single-edge-notch-bend design is
precracked to a/W = 0.6. The specimen is loaded incrementally to a series of
J-levels. After each increment of loading, J and the crack extension, Aa, are
measured. The load-displacement curve is recorded on an X-Y plotter. Dis-
placement is measured along the load line. J s calculated from the load-
displacement record and specimen dimensions using:

)= 15 | (18)
where A is the area under the load displacement record, b is the 1igament
(W-a), and n is a dimensionless parameter dependent on specimen geometry. Aa
is measured by either the crack marking technique or the unloading compliance
technique described in ASTM E-813. The results of a test series are plotted
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as J versus Aa, and the J; is defined as the extrapolation of the best-fit

Ic
curve to the blunting line defined by J = ZUYAa. KIC is related to JIC as
follows:
Ki(9) = VETI (19)

A more detailed description of the J-integral test method is given in the body
of this report.

The JIc test method is Timited to measurement of the onset of ductile
tearing. Thus, it is not applicable to the measurement of fracture toughness
when cleavage is the micromode of fracture. Recently Dawes [26] has proposed
the adoption of a critical J notation equivalent to the CTOD notation of
Fig. A3. This notation, shown in Fig. A4, would make the J concept applicable
to all micromechanisms of fracture. This proposed notation is used in the
present study.

2.3 Summary Comments

The CTOD and J-integral concepts are efforts to define single parameter
characterizations of the fracture process that are applicable to Tinear
elastic and general yielding fracture. In the CTOD concept, attention is
focused at the crack tip; fracture theoretically occurs when a critical
displacement develops at the crack tip. The J-integral concept examines the
stress-strain conditions along an arbitrary contour away from the crack tip;
fracture theoretically occurs when the potential energy available for crack
extension reaches a critical value defined by J. For the linear elastic case,
BC and JIC are consistent with the linear elastic fracture criteria:

2
K
G -?C.—_J =

e FT S . (20)

Ic = % °c
There has been a great deal of research in recent years on ductile
fracture. Models have been developed to predict fracture by tearing instabil-
ity using J-integral R-curves and to predict fracture by plastic collapse ~
using Timit Toad expressions [21]. This work is not reviewed here because it
~is not directly relevant to fracture of structural steels at low temperatures.
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3. MICROMECHANISMS OF FRACTURE

Fracture usually occurs by one of three mechanisms: ductile tearing,
brittle cleavage, or intergranular cracking. The three mechanisms, shown
schematically in Fig. A5, are competitive. That is, the fracture mode will
depend on which condition is reached first: the critical strain for ductile
tearing, the critical stress for cleavage, or the stress that exceeds the
cohesive strength of the grain boundary. The conditions for ductile tearing
and brittle cleavage are represented in Fig. A6. Note that fracture may
initiate by ductile tearing and, as the stress increases, convert to cleavage.
Fracture toughness is strongly influenced by the micromode of fracture, and
thus it is important in a study of the ductile-to-brittle transition to
identify the governing fracture mode.

To be suitable for OCS platforms, structural alloys should fracture in a
ductile manner at the minimum service temperature. Ductile tearing, also
called microvoid coalescence, is caused by the formation and growth of the
voids that eventually comprise the fracture surface. Thus, the toughness of
ductile metals is related to the factors that influence the nucleation and
growth of voids. Voids nucleate most readily at second-phase particles, such
as inclusions and precipitates (1 to 10 um in size), as a result of interfacial
separation, fracture of the particle, or matrix separation caused by strain
concentration near the particie. Voids grow and coalesce by ductile tearing
of the matrix. Ductile tearing resistance is a function of the strength and
ductility of the matrix. As matrix strength increases, less energy is dissi-
pated by plastic deformation during tearing and toughness is reduced. Increased
matrix strength also tends to activate additional void nucleation sites.
Consequently, there is usually an inverse relationship between fracture
toughness and yield strength when the fracture mode is ductile tearing.

Brittle fracture requires less energy for surface formation than ductile
fracture. Lower energy fracture modes include cleavage and intercrystalline
(grain boundary) fracture. Cleavage is a fracture mode in which material
separation proceeds along preferred crystallographic planes without sizable
plastic deformation prior to fracture. Metals subject to cleavage, such as
structural steels, usually have a large increase in yield strength as tempera-
ture is decreased. Cleavage occurs when the cleavage fracture stress is
reached before the strain required for void formation is exceeded. Intercrys-
talline fracture occurs when the cohesive strength of the grain boundary is

61




exceeded before cleavage or ductile fracture occurs. As matrix strength
increases with decreasing temperature, intergranular failure may occur more
readily in a susceptible alloy. However, as a class, the structural steels
that are candidates for arctic coenstruction are not susceptible to intergranu-
lar fracture.

4, EFFECT OF SPECIMEN SIZE AND CONSTRAINT ON FRACTURE BEHAVIOR

Specimen geometry can have a substantial effect on fracture toughness as
illustrated in Fig. A7. As thickness, crack length, and uncracked 1ligament
length become large compared to the plastic zone the fracture toughness
reaches a minimum value defined by KIc' The ASTM E-399 standard is designed
to measure this Tower bound fracture toughness. The behavior in Fig. A7 is
due to the fact that large specimens promote a maximum degree of triaxiality
at the crack tip, thereby increasing the yield stress. This increase in yield
stress tends to promote fracture since it is easier to reach the fracture
stress. Smaller, less constrained specimens tend to lose triaxiality so that
a greater amount of plastic deformation must occur before the fracture stress
can be reached in the plastic zone.

The amount of constraint in the region of the crack tip will depend on
the yield strength of the material and the geometry of the fracture specimen.
The specimen geometry consequently has an effect on the ductile-to-brittle
transition behavior of steels. This is illustrated schematically in Fig. AS8.
The Tower-bound LEFM curve 1is shown a]ong with four hypothetical specimen
geometries with varying degrees of constraint. The Towest constraint geometry,
represented by the curve farthest to the left, has the lowest transition
temperature and has the highest toughness at a constant temperature. The
vertical Tine in Fig. A8, drawn at an arbitrary temperature in the transition
region reveals that a wide range of toughness values could be obtained for a
material at a given test temperature, depending on the constraint of the
fracture specimen.

Figure A9 shows how varying degrees of constraint can lead to different
micromodes of fracture at a constant temperature. This represents a poten-
tially dangerous situation when using fracture toughness data from small
specimens to design large structures. At temperatures where ductile tearing
is the micromode of fracture, it is permissible to predict the fracture
toughness of large structures from small specimen data because Ji and §; are
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not a strong function of geometry [22,23]. However, at temperatures where
cleavage may be the micromode of fracture, a crack in a small fracture specimen
may grow in a stable and ductile manner while a large structure could fail
catastrophically by cleavage and have much lower toughness than predicted in
the small scale test.

There is a very limited amount of data in the literature which shows the
effect of specimen geometry on fracture toughness. An added handicap is that
many of the authors do not specify the micromode(s) of fracture which they
observe. Since it is impossible at this time to describe quantitatively the
- effect of specimen size on constraint the following section will offer a
purely qualitative description based on theory and a limited amount of experi-
mental data.

A number of investigators [23-28] have studied the effect of specimen
thickness on the fracture toughness of various materials. Figure A10 i1lus-
trates the effect of thickness on the ductile-to-brittle curves of ferritic
steels. Note that an increase in thickness from B to 2B has a greater effect
than increasing thickness from 2B to 3B. This is because increases in thick-
ness increase constraint at a decreasing rate until a saturation thickness
(plane strain) is reached.

It should be noted that not all investigators attribute the decrease in
toughness with specimen size to constraint. Although the average toughness of

the smaller size specimens is higher than the K, _ value, the lowest toughness

values for the smaller specimens can be lower i%an the Targe specimen KIC
value. This scatter phenomena can be explained by the statistical effect of -
inhomogeneity along the crack front [29]. This inhomogeneity will cause
greater scatter in small specimen results because the volume of material
sampled is less. Landes and Begley [29] maintain that this statistical effect
alone is sufficient to explain the size effect on fracture toughness. They
applied a Weibull [30] statistical distribution to predict KIC from scattered
small specimen results. However, Lin [31] believes that this approach gives a
too conservative estimate of KIc‘ Lin points out that the model of Landes and
Begley based on the Weibull distribution erroneously predicts that K

Ic
approaches zero as the size of samples approaches infinity. Also, Lin used
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the Ritchie-Knott-Rice model for cleavage fracture [32] to show that fracture
toughness increases from plane strain to plane stress conditions.

It is 1ikely that the size effect on fracture toughness is caused both by
constraint and statistical effects. It is difficult, however, to separate out
the statistical effects in order to quantitatively study constraint. The
experimental scatter in the ductile-to-brittle transition region is often so
great that it masks the constraint effects.

The relative crack length and ligament length can also affect crack tip
constraint. Figures A7 and All show schematically the consensus results of a
number of investigations [22-28, 33-35] of the effect of crack length to width
ratio. At a constant temperature the fracture toughness is relatively high
for short cracks but decreases rapidly with crack length until a lower plateau
is reached (Fig. A7). For very deep cracks (a/W > .75) the toughness
increases rapidly with crack length. This phenomena can be explained as
follows [36]. When the crack tip is near the center of the specimen the
constraint is maximized because a maximum amount of material surrounds the
crack tip. When the crack tip is near a free surface, as in a very deep or
shallow crack, the constraint can be relaxed by plastic deformation at the
free surface.

In addition to specimen geometry, the type of loading can affect crack-
tip constraint. Bending produces more constraint than tensile Toading because
of the compressive stress below the neutral axis of a bend specimen. The
corresponding effect of loading type on the fracture behavior of steels fis
illustrated in Fig. Al2. The Welding Institute in Great Britan utilizes this
effect when assessing the fitness for service of structures containing cracks
[36]. Figure Al13 shows a structure with a hypothetical defect along with the
corresponding SENB specimen. The Welding Institute uses a square-section
specimen with the depth, W, matching the plate thickness and the crack length,
a, matching that of the structure. It is then assumed that the increased
constraint in the SENB specimen due to bending will offset the Toss of con-
straint due to the lack of plane strain in the test specimen. This assumption
has not been satisfactorily verified.
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Fig. A5. The three basic micromechanisms of fracture. |
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